Introduction: Vitamin D may affect multiple health outcomes. If so, an effect on mortality is to be expected. Using pooled data from randomized controlled trials, we performed individual patient data (IPD) and trial level meta-analyses to assess mortality among participants randomized to either vitamin D alone or vitamin D with calcium.
D
uring the last decade, there has been increasing recognition of the potential role of vitamin D in a large number of tissues, where vitamin D receptors have been identified. Thus, maintenance of adequate vitamin D status may be necessary for many physiological functions, beyond that of the classical actions of vitamin D on bone and mineral metabolism. Cross-sectional and longitudinal studies have linked reduced vitamin D status with a number of cancers, adverse cardiovascular and immunological outcomes, and increased all-cause mortality, although some observational data have suggested either U-shaped or reverse J-shaped relationships (1) (2) (3) .
A meta-analysis of randomized controlled trials of vitamin D supplementation published in 2007 found that vitamin D reduced all-cause mortality by 7% (relative risk, 0.93; 95% CI, 0.87-0.99) (4) . However, three subsequent meta-analyses using updated searches and different study inclusion criteria failed to show a statistically significant effect of vitamin D alone on mortality (2, 5, 6) , although two of the studies did show a reduced mortality if vitamin D was given together with calcium (5, 6) . Study level metaanalyses using summary data may be adequate when estimating a single treatment effect or investigating study level characteristics but may lead to biased assessments and have limitations in explaining heterogeneity. To investigate whether treatment effects are related to patient characteristics, individual patient data (IPD) analyses offer advantages and have greater statistical power than study level meta-analyses (7) .
We recently published results of an IPD level metaanalysis showing that vitamin D in doses of 10 -20 g/d given alone were not effective in fracture prevention, but when given with calcium reduced fracture incidence (8) . In the present study, we aimed to investigate effects of vitamin D supplementation, given either alone or with calcium, on all-cause mortality using both IPD level and study level meta-analysis methodologies.
Materials and Methods

Searching and selection criteria
As previously detailed, we undertook a systematic literature search for publications between 1966 and 2008 in Medline, Embase, and the Cochrane Central Register of Controlled Trials on the effects of vitamin D treatment on the risk of fracture (8) . No language restrictions were applied. We included only randomized (individual or cluster) controlled studies in which cholecalciferol (vitamin D 3 ) or ergocalciferol (vitamin D 2 ) was given in at least one intervention arm and with one arm without vitamin D. For the IPD analysis, we excluded studies with less than 1000 participants (nine trials) due to concerns that studies with fewer participants, although contributing additional cases, would also further reduce the mass of shared study variables for aggregated analysis. The search revealed 11 eligible studies (9 -19) . For the present analysis, we updated our search to January 2011 and included the MeSH terms: [death, mortality], thereby identifying two further eligible studies (20, 21) . Five study groups were unwilling or unable to provide patient level data (9, 10, 12, 16, 17) , leaving eight studies for IPD analysis (Table 1 ). All studies had incident fractures as the primary endpoint, whereas data on death were collected as secondary endpoints during follow-up (14, 15, 18 -20) and/or by the use of national registers of vital statistics (11, 13, 15, 19, 21) .
Analytical approach
We defined base models using unconditional logistic regression incorporating age and sex, which we expected a priori to contribute to variation in mortality. We also included data on incident major osteoporotic fracture during the study, i.e. fractures at the hip or spine because mortality is known to be increased after such fractures, and information on the use of postmenopausal hormone replacement therapy (HRT) and bisphosphonates. Analysis on mortality was performed using a stratified Cox regression model, with the clinical study as stratum, thereby ensuring that like was compared with like, because the inference is based on the randomization of patients within each trial. We added treatment allocation and interaction terms to this model to study effects of vitamin D vs. no vitamin D supplements on risk of death. Interaction terms studied included age, sex, and daily dose of vitamin D. In studies with intermittent (monthly or yearly) administration of vitamin D, an equivalent daily dose was calculated. In all analyses, observations were truncated after 36 months (1095 d) because few of the studies provided substantial data beyond this time point. However, to evaluate the effect of interventions during the entire duration of trials, we also performed logistic regression analyses with treatment allocation added to the base model. All analyses were performed using an intention-to-treat approach including all randomized participants.
Prespecified subanalyses
Three prespecified analyses were performed: (23) , analyses were also performed in which participants randomized to the calcium-alone group were removed from the analyses.
Sensitivity
To assess whether our conclusions would have been modified by failure to include one or more individual studies, we per- formed an influence analysis in which studies were removed one by one. To evaluate whether the lack of data from trials not included in the IPD analysis affected results, we performed a trial level meta-analysis including all available studies (n ϭ 24) as detailed in Table 1 . Number of deaths by treatment allocation up to 3 yr in the study by Chapuy et al. (9) was reported by personal communication (Prof. P. Meunier, July 2010). In the cluster randomized trial by Law et al. (16) , adjustments to the number of participants with outcomes and denominators were made using an intraclass correlation coefficient of 0.026 derived from Dyer et al. (24) using methods described by Higgins and Green (25) . All meta-analyses were performed stratified by whether vitamin D was administered alone or in combination with calcium and without the assumption of a common among-study variance component across subgroups. The manuscript was prepared in accordance with the PRISMA guidelines (26) . Analyses were undertaken using SPSS version 15 (SPSS Inc., Chicago, IL) and Comprehensive Meta-analysis version 2.2 (Biostat, Englewood, NJ). All tests were two-tailed. We considered P Ͻ 0.05 as significant.
Results
IPD analyses
Our IPD analysis included 70,528 randomized participants (86.8% females) aged 48 -103 (median, 70; interquartile range, 62-77) yr. A total of 27,345 were randomized to CaD and 7,771 to vitamin D alone, whereas 35,412 received placebo/no vitamin D.
Defining the base model
During the 36 months of follow-up, 3832 (5.4%) study participants died, and 1139 (1.6%) sustained an osteoporotic fracture at the hip or spine. At baseline, 970 (1.4%) reported the use of bisphosphonates. Among females, 20,402 (33.9%) were treated with HRT. This was mainly due to the high proportion of HRT users in the Women's Health Initiative (WHI) (50.7%) and the OSTPRE-FPS (48.5%) studies, whereas the frequency of HRT use in the other studies was low (2.3%). After mutual adjustments, the risk of death was significantly associated with increasing age [ not significantly affected by use of HRT (HR, 0.88; 95% CI, 0.75-1.04) or bisphosphonates (HR, 0.60; 95% CI, 0.32-1.10). Differences in mortality rates were not fully explained by differences in age, sex, number of incident major osteoporotic fractures, or treatment with bisphosphonates or HRT. Accordingly, analyses were performed adjusted for age, sex, incident major osteoporotic fractures, and use of bisphosphonates or HRT and stratified by study.
Effects of vitamin D supplementation with or without calcium on risk of death
Within the group of participants randomized to vitamin D with or without calcium (n ϭ 35,116), 1,870 (5.3%) died during follow-up, whereas death occurred in 1,962 (5.5%) of the participants not allocated to vitamin D (HR crude , 0.94; 95% CI, 0.88 -1.00). After adjustments, risk of death was reduced by 7% (HR, 0.93; 95% CI, 0.88 -0.99) during the 3 yr of follow-up in participants randomized to vitamin D with or without calcium (Fig. 1) . Visual inspection of the survival curve (Fig. 1) indicates that risk started to diverge quite quickly. However, although risk estimates were reduced in the group of vitamin D-treated participants, risk of death did not differ significantly between groups after 12 months (HR, 0.96; 95% CI, 0.86 -1.08) or 24 months (HR, 0.94; 95% CI, 0.87-1.02) of treatment.
Statistically significant interaction terms were whether vitamin D was coadministrated with calcium (P Ͻ 0.01), whereas no significant interactions were found for sex (P ϭ 0.83), age (P ϭ 0.08), route of vitamin D administration (P ϭ 0.65), dosing interval (P ϭ 0.98), or treatment at baseline with HRT (P ϭ 0.46) or bisphosphonates (P ϭ 0.16).
Mortality rates differed significantly between studies investigating the effects of vitamin D without calcium and studies on CaD (Table 1) . On average, in the groups of untreated/placebotreated participants, 4.4% died in the CaD trials, whereas 9.7% died in the studies on vitamin D alone (P Ͻ 0.01).
Effects of concomitant calcium administration
Restricting the analysis to studies with CaD supplementation (13-15, 19, 21) , risk of death was significantly reduced among participants randomized to CaD (HR, 0.91; 95% CI, 0.84 -0.98). Exclusion of participants from the placebo/non-vitamin D group who were treated with calcium alone (n ϭ 1311) did not change the results (HR, 0.92; 95% CI, 0.85-1.00; P Ͻ 0.05) (Fig. 2) .
On the other hand, restricting the analysis to the four studies on vitamin D alone (11, 15, 18, 20) , risk of death did not differ according to treatment allocation (HR, 0.96; 95% CI, 0.87-1.06). Removal of the participants treated with calcium alone did not change the results (Fig. 2) . Neither did vitamin D affect mortality if analyses were restricted to include only studies using cholecalciferol (HR, 0.94; 95% CI, 0.83-1.06).
Dose-effect relationships
As shown in Fig. 3 , no statistically significant doseeffect relationships were evident. Most estimates showed 
Daily vs. intermittent administration
Two studies provided data on intermittent (once-ayear) administration of either ergocalciferol (18) or cholecalciferol (20) , which did not affect mortality (HR, 0.97; 95% CI, 0.83-1.12), whereas mortality was significantly decreased in participants randomized to receive daily supplements (HR, 0.93; 95% CI, 0.86 -0.99). However, daily treatment with vitamin D without calcium did not affect mortality (HR, 0.95; 95% CI, 0.84 -1.08), whereas mortality was reduced in participants randomized to daily CaD (HR, 0.91; 95% CI, 0.84 -0.98).
Sensitivity analyses
Influence analyses showed only minor effects of exclusion of studies one by one (Fig. 4) . Removal of the cluster randomized study by Larsen et al. (13) from the analysis on CaD trials did not change the results (HR, 0.88; 95% CI, 0.77-0.99).
In analyses not accounting for whether calcium was coadministrated, mortality was borderline significantly reduced if analyses were restricted to only double-blind studies (P interaction ϭ 0.05; HR, 0.92; 95% CI, 0.85-1.00) (11, 15, 18 -20) and significantly reduced if analyses were further restricted to include only individually randomized double-blind studies (P interaction ϭ 0.02; HR, 0.89; 95% CI, 0.81-0.98) (15, 18 -20) . Within the group of individually randomized double-blind studies, mortality was significantly reduced in response to CaD (HR, 0.83; 95% CI, 0.73-0.95) (15, 19) , but not in response to vitamin D alone (HR, 0.96; 95% CI, 0.85-1.09) (15, 18, 20) . Restricting analyses to include data from only open-label trials showed no significant effects on mortality (HR, 0.95; 95% CI, 0.86 -1.05) (13, 14, 21 ).
Analyses not accounting for study duration
Although most included studies only provided data for a 3-yr intervention period, some studies had a longer duration (Table 1) . Including all deaths occurring during studies (n ϭ 5526), logistic regression analysis (adjusted for indices included in the base model) showed no statistical significant effects on mortality in participants randomized to vitamin D with or without calcium (OR, 0.96; 95% CI, 0.90 -1.01). However, stratification by coadministration of calcium (P interaction Ͻ0.01) showed a reduced mortality in the CaD trials (OR, 0.93; 95% CI, 0.87-0.99), but not if vitamin D was given alone (OR, 0.98; 95% CI, 0.89 -1.09).
Absolute risk reduction and numbers needed to treat
Because vitamin D alone was not shown to reduce mortality significantly, we did this analysis only for the CaD studies. Over 3 yr of follow-up, the absolute risk reduction was 0.66% (untreated event rate, 16 per 1000 person years), i.e. 151 persons should be treated for 3 yr to prevent one death.
Trial level meta-analysis
As shown in Fig. 5A , trial level meta-analysis of included studies from the IPD analysis showed results similar to the IPD analysis with a reduced risk of death in participants randomized to CaD (HR, 0.93; 95% CI, 0.87-0.99). Extending the analysis to include additional data from large-and medium-sized studies not included in the IPD analysis (Table 1) showed similar results (Fig. 5B) . Finally, results were not changed by extending the analysis to include data from all studies shown in Table 1 . This analysis included data on a total of 88,097 randomized participants, among whom 28,212 were included in 12 trials with vitamin D alone and 59,885 were included in 13 trials on CaD. Overall, mortality was significantly reduced (P ϭ 0.04) in participants randomized to treatment with vitamin D with or without calcium (OR, 0.95; 95% CI, 0.91-1.00). Stratification by coadministration of calcium showed reduced mortality in participants randomized to CaD (OR, 0.94; 95% CI, 0.88 -0.99), but not in participants treated with vitamin D alone. Influence analyses with removal of studies one by one did not change risk estimates to any major degree, although mortality was no longer significantly reduced in response to CaD if the Larsen et al. overall analysis with no effect of vitamin D alone (Supplemental Fig. 1) . Restricting the trial level analysis to include only individually randomized double-blind studies (9, 10, 12, 15, (17) (18) (19) (20) (27) (28) (29) (30) (31) (32) , mortality was reduced overall (OR, 0.94; 95% CI, 0.89 -0.99). Stratification by coadministration of calcium showed a significantly (P Ͻ 0.05) reduced mortality in response to CaD (OR, 0.93; 95% CI, 0.86 -1.00), but not with vitamin D alone (OR, 0.95; 95% CI, 0.89 -1.03).
Discussion
In a pooled analysis, including data at the level of the individual from more than 70,000 elderly participants, mortality was significantly reduced during 3 yr of treatment with CaD, whereas vitamin D alone did not affect mortality. These findings were further supported by a trial level meta-analysis.
Contrast with previous reviews of vitamin D with or without calcium, and calcium alone on mortality
In the 2007 trial level meta-analysis of vitamin D with or without calcium and mortality, including 18 trials without size limit with a total of 57,311 participants, Autier and Gan- 
Contrast between vitamin D plus calcium and vitamin D alone results
Reduced mortality with CaD, but not with vitamin D alone could suggest that the reduced mortality is due to an
FIG. 5.
Trial level meta-analyses (random effect model) of studies included in the IPD analysis (A) and meta-analysis including additional large-and medium-sized studies (B). For studies included in the IPD, all deaths occurring during trials were accounted for as detailed in Table 1 . effect of calcium rather than vitamin D. However, two recent IPD analyses and trial level meta-analyses by Bolland et al. (23, 33) show an increased risk of myocardial infarction with calcium, with or without vitamin D. So how can CaD reduce mortality when vitamin D alone appears not to be an influence and calcium alone may increase cardiovascular morbidity? There are several possible explanations. First, the reported 30% increase in myocardial infarction from calcium supplementation would have only a small effect on overall mortality (23) . For example, in the United Kingdom, myocardial infarction is responsible for 6.4% of all deaths in women over 75 yr of age; thus, a 30% increase in mortality would have a very small effect on overall mortality (19) . Secondly, competing risks for disease may be another explanation. Calcium supplementation could reduce recurrence of colorectal adenomas and thus colorectal cancer and mortality (34) , an effect that may be strengthened if vitamin D is also provided (35) . Calcium and vitamin D may reduce the risk of cancer, particularly breast and colorectal cancer (36) . Calcium supplementation has some effect in preventing osteoporotic fractures, although probably not hip fractures, the most important direct cause of osteoporosis mortality (37) . However, because we adjusted for incident hip and spine fractures, the reduced mortality in our analysis is most likely not attributable to a lower risk of fracture (and deaths after fractures). Thirdly, CaD may have effects when given together greater than their individual effects. Several studies have shown associations between high plasma levels of PTH and the risk of different (including cardiovascular) diseases and mortality (38, 39) . Calcium, as well as vitamin D, is known to lower PTH levels. The doses of vitamin D tested in the vitamin Dalone studies were possibly too low to affect PTH levels, whereas PTH levels were lowered in response to CaD. Because PTH levels were not measured systematically in the included trials, we were unable to test this hypothesis. Fourthly, the vitamin D trials may have selected doses and methods of administration that were not adequate; in addition, the participants included in the vitamin D-alone trials were older than those included in the CaD trials. Our data do not exclude that treatment (vitamin D with or without calcium) is only effective in the early stages of a disease. Finally, differences in the ascertainment of events between the Bolland et al. (23, 33) meta-analyses and the robust ascertainment of death might be another explanation.
Hazard rates started to diverge quite quickly in our IPD analysis, as shown in Figs. 1 and 2 . Unfortunately, we were unable to evaluate the causes of death in response to the use of supplements. Epidemiological studies have suggested that vitamin D and calcium may affect many different organ systems and health outcomes, including infections, cardiovascular health, autoimmune diseases, and malignancies (3). Our analyses suggest that supplementation with CaD starts to affect general health early, which is sustained during long-term treatment. Our data do not allow for conclusions on whether this is due to an immediate and sustained effect or whether harm/benefit ratios for certain health outcomes change over time.
Limitations of our analysis
Although it contributes a systematic appraisal of important confounders that may contribute to the difference in survival effects found in clinical trials, the present analysis has important limitations.
Overall, despite a large sample size, the IPD analysis cannot correct potential flaws of the original studies, e.g. in design and compliance with medication. Additional limitations are imposed by the limited set of variables that had been addressed in a fairly consistent way across studies. In general, large CaD trials have been conducted with limited funding, and this imposed limitations on the number of variables that could be collected and the degree of adjudication on exposures and outcomes performed. Although vitamin D can be split into two dose groups (about 10 g/d and about 20 g/d, respectively), and some studies gave calcium whereas others did not, the pooled study population does not create a true factorial design of four study arms well matched for age, sex, and risk factors. For example, only the RECORD study (15)-a tertiary prevention study for osteoporosis, because all patients had prior fractures-used daily oral vitamin D at the 20 g/d dose without calcium. It is possible that the lack of effect in the patient level analysis regarding vitamin D given alone is influenced more by the design of the trials than by the active intervention itself. Of the four studies, the Smith et al. (18) and Sanders et al. (20) studies (once yearly highdose treatment) may have been influenced by too high and long a dosing interval, the RECORD study (15) by the use of calcium in the control arm and poorer compliance, and the Meyer study (11) by the low dose of vitamin D. Our findings showed a significantly reduced mortality if CaD was administrated daily, whereas no effect was evident if vitamin D was administrated intermittently. However, because the test on interaction between daily vs. intermittent administration was insignificant, our data do not exclude that the lack of an effect may be due to an insufficient statistical power, e.g. too few participants in the group receiving vitamin D intermittently. Several of the risk estimates on the effects of vitamin D alone were below 1.00, with an upper limit of the CI only slightly above 1.00, which may indicate potential beneficial effects of vitamin D alone. However, because the results did not reach strict statistical significance, we think that our results should only be interpreted in such a way that they should encourage further exploration of whether such effects are present.
In the IPD analysis, information on adherence, selfadministered CaD supplements, and baseline dietary calcium and vitamin D intake was not consistently available, so this could not be accurately addressed. Accordingly, we were not able to perform a per-protocol analysis. However, our intention-to-treat analytical approach probably offers a more realistic measure of what can be achieved by applying such measures in the general population of elderly participants at risk of fracture than more intensive studies. In accordance, we chose to include all randomized studies in our primary analyses independently of the nature of randomization. Although cluster randomized studies may be prone, for example, to selection bias (40) , the less rigorous design may more accurately reflect the realworld circumstances because study participants are normally not required to fulfill a number of individual criteria for participation. Nevertheless, analyses including only individually randomized controlled studies showed results similar to the overall analyses, indicating that inclusion of non-individually randomized studies did not change the overall findings. An additional limitation in the IPD analysis was the restricted time frame of 3 yr. Nevertheless, extending our IPD analysis to include all deaths occurring during the entire duration of the eight trials did not change the overall results, which was further supported by the trial level meta-analysis for all deaths during the entire duration of the trials.
Within the CaD trials, a significantly reduced mortality was only shown for the low dose of vitamin D. Our analyses did not indicate that a higher dose (Ն20 g/d) is inferior to a lower daily dose. Rather, most risk estimates on a daily dose of at least 20 g of vitamin D alone were lower than with a daily dose of 10 g. In addition to differences in average age between studies on effects of CaD or vitamin D alone, it should be emphasized that the primary endpoint in all studies was fracture prevention and that the different studies included different groups of participants. In some studies, effects of supplements were studied in the general population of elderly participants (13, 18 -21) , whereas other studies investigated supplements for secondary (11, 14) or tertiary (15) fracture prophylaxis. Vitamin D status before study entry may have differed between studies, and effects of vitamin D supplementation with or without calcium may depend on vitamin D status (and daily calcium intake). We cannot exclude the possibility that such characteristics, inherited in the design of the original studies, may affect mortality and may have influenced effects of vitamin D (and calcium). Epidemiological studies have suggested that mortality may be increased in participants with low vitamin D levels, although high levels could be harmful as well (41) . It remains unknown whether this is due to the biological effect of vitamin D or due to confounders that it may not be possible to adjust fully for in epidemiological studies. Because plasma 25-hydroxyvitamin D levels were not measured and calcium intake was not assessed consistently at baseline or during follow-up in the trials included, unfortunately our data do not allow for further clarification on this matter.
In our study, we adjusted for incident fractures during trials to assess effects beyond an effect due to a reduced mortality caused by fewer fractures in response to treatment. Interestingly, antiresorptive treatments with bisphosphonates, strontium ranelate, or denosumab have been shown to reduce mortality, often to a greater extent than is explained by the reduction in fracture risk (42) . Further studies are needed to investigate possible interrelationships between these findings.
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